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Controlling the internal degrees of freedom is a key challenge for applications of cold and
ultracold molecules. Here, we demonstrate rotational-state cooling of trapped methyl fluoride
molecules (CH3F) by optically pumping the population of 16 M -sublevels in the rotational states
J=3, 4, 5, and 6 into a single level. By combining rotational-state cooling with motional cooling,
we increase the relative number of molecules in the state J=4, K=3, M=4 from a few percent to
over 70%, thereby generating a translationally cold (≈ 30 mK) and nearly pure state ensemble of
about 106 molecules. Our scheme is extendable to larger sets of initial states, other final states and
a variety of molecule species, thus paving the way for internal-state control of ever larger molecules.
Motivated by a multitude of applications ranging from
quantum chemistry to many-body physics [1–4], recent
years have witnessed an immense effort to generate cold
and ultracold ensembles of polar molecules [5–10]. Much
of this attention has focused on diatomic molecules, de-
spite unique possibilities for polyatomic molecules [11–
14]. The latter possess additional rotational and vibra-
tional degrees of freedom which could be used for vari-
ous applications. For example, symmetric-top molecules
have been suggested to be ideally suited to simulate quan-
tum magnetism [11, 12]. Moreover, precision tests of
physics based on chirality require molecules with at least
four atoms [13]. In addition, single large molecules have
been suggested for the realization of an entire quantum
computer, using different vibrational modes to encode
individual qubits [14]. Last but not least, the high va-
por pressure for many polyatomic molecule species, even
at room temperature, allows the efficient generation of
high-density initial ensembles [15].
A key challenge for obtaining cold and ultracold molec-
ular ensembles has been gaining and maintaining control
of the internal molecular state. While this is true for
molecules in general, it is particularly problematic for
larger, polyatomic molecules. Thus, even for the rela-
tively light molecule CH3F discussed here, several thou-
sand rotational states are populated at room tempera-
ture. For larger molecules, a huge number of states is
populated even at liquid-helium temperatures. Gaining
quantum-state control of such molecules requires some
form of internal-state cooling. While internal-state cool-
ing has been demonstrated for bialkali dimers [16–18] as
well as for a number of diatomic molecular ions [19–23],
its implementation for polyatomic molecules is lacking.
In this Letter, we demonstrate comprehensive internal-
state control of the polyatomic molecule methyl fluoride
(CH3F). In a two-step process, molecules in 16 rotational
M -sublevels in the lowest four rotational J states in the
|K|=3 manifold are optically pumped into a single rota-
tional M -sublevel (J,K,M being the usual symmetric-
top rotational quantum numbers). As a first step, we
demonstrate rotational-state cooling (RSC) by optically
pumping molecules in the states J=5 and 6 into the state
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FIG. 1. Simplified scheme for rotational-state cooling (RSC).
Optical pumping via a vibrational excited state with infrared
(IR) and microwave (MW) radiation is used to accumulate
population in a lower rotational state.
J=4, with minimal control of the M -sublevel. Molecules
in the states J=3 and 4 can then be motionally cooled via
optoelectrical Sisyphus cooling [6, 24], which can be inte-
grated seamlessly with our RSC. This also eliminates all
molecules in uncooled states from our trap. As a second
step, an M -sublevel-dependent optical pumping transfers
the molecules into the single state J=4, K=3, M=4.
Our RSC scheme is based on optical pumping via ex-
citation of a vibrational mode using a scheme related to
those demonstrated for diatomic molecular ions [19, 20].
The underlying idea of our scheme is shown in Fig. 1.
Driving a ∆J=0 vibrational transition from a given ro-
tational state J results in spontaneous decay to the states
J±1. By coupling the states J and J+1 with microwaves,
the entire population in the states J and J±1 accumu-
lates in the dark state J−1. This scheme can easily be
extended to incorporate larger sets of initial states by,
e.g., applying the same couplings to subsequent pairs of
rotational states, as sketched in Fig. 1. Alternatively, a
single vibrational transition might be used if all states
J ′ ≥ J are coupled with microwave radiation. In princi-
ple, the dark state of such a scheme can be freely chosen
by picking a suitable microwave coupling.
State manipulation takes place in our homogeneous-
field electric trap (volume≈2 cm3) [25, 26]. The narrow
electric-field distribution of the trap [27] is essential for
RSC, as this allows us to spectrally resolve all relevant
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FIG. 2. Experimental setup and level scheme. (a) Experi-
mental setup as described in the main text. (b) Level scheme
of CH3F for the four lowest rotational states of the |K|=3
manifold. Transition frequencies are given for zero electric
field. As indicated by the zoom, the rotational states split
in an electric field according to the linear Stark effect. Only
the low-field seeking states (positive M values) are trapped
with our DC electric trap. The splitting in the homogeneous-
field region of our trap (815 V/cm) is 188,113,75,54 MHz for
J=3, J=4, J=5, J=6, respectively. Additional figures of the
optical pumping schemes described in the main text are pro-
vided in [28].
transitions, with minimal Stark broadening. In addi-
tion, the long trap lifetime of up to 30 s [6] is crucial
for the implementation of an optical pumping scheme
based on spontaneous decays of vibrational excitations
with typical decay times of more than 10 ms. Despite
its slow decay rate, the use of a vibrational mode is fa-
vorable compared to electronic transitions due to strict
selection rules. Moreover, electronic excitation for many
polyatomic molecules leads to rapid fragmentation.
The trap is integrated in the experimental setup as
shown in Fig. 2(a). An experiment starts with load-
ing molecules from a velocity-filtered thermal source
(T≈110 K) via an electric quadrupole guide [15]. Sub-
sequently, the ensemble is stored in the trap for manip-
ulation. Light from an optical parametric oscillator at
3.4 µm is used to drive the parallel v1 C-H stretch vi-
brational transition. Rotational levels are coupled by
microwave radiation at 200 GHz and 300 GHz generated
by amplifier-multiplier chains [6]. Finally, molecules are
guided to a quadrupole mass spectrometer for detection.
The experimental sequences differ in the time for trap
loading tl, storage ts and unloading tu, which we detail
as tseq= (tl, ts, tu) together with the data.
The rotational state distribution of the molecules
loaded into our trap spreads over tens of rotational
states [27]. We label these states by the vibrational quan-
tum number v and symmetric-top rotational quantum
numbers J , K, M as |v;J,∓K,±M〉 with ∓K chosen
positive. The lowest rotational states of the |K|=3 man-
ifold have the highest population of about 17% in J=3, 4
and 9% in J=5,6 [27], with about a million molecules in
each of these states [6]. We therefore have chosen these
states to demonstrate RSC.
The population within a given set of rotational states
is detected by state-selective removal of these molecules
from the trap with MW and IR radiation at the end of
the storage period as described in the supplemental ma-
terial [28] and in reference [27]. Our present radiation
sources allow for the detection of particular sets of ro-
tational states, for example J=3, 4 and J=3,4,5,6 with
|K|=3 or the single rotational M -sublevels |0;4, 3, 4〉 and
|0;3, 3, 3〉.
The level scheme for the rotational states used in
this Letter is shown in Fig. 2(b). For the purpose of
RSC and detection, it is required to drive the ∆J=0
vibrational transitions shown simultaneously. We re-
alized a quasi-simultaneous driving with a single laser
source by suitably changing the frequency every 20 ms.
This is possible due to the use of ∆J=0 excitations
with - in general - close lying transition frequencies.
To implement the RSC scheme shown in Fig. 1 we have
chosen to transfer population from the rotational states
J=5,6 to J=4. A ∆M=0 vibrational transition from
the J=5 state is driven together with the |0;5, 3,M〉 ↔
|0;6, 3,M+1〉 (M>0) rotational transitions. Since the
optical pumping scheme employs a ∆J=0 vibrational
transition, the Stark splittings of ground and excited
state are almost identical. Consequently, we can ad-
dress all M -sublevels simultaneously with one laser fre-
quency. The selection rules for electric dipole transitions
∆J,∆M=0,±1 and ∆K=0 and the choice of infrared
and microwave couplings ensure that most molecules
stay trapped while they are pumped from |0;5, 3,M〉 and
|0;6, 3,M〉 to |0;4,3,M ′〉. These favorable selection rules
and branching ratios are generic properties of symmetric
top molecules.
For proof of RSC, we present two measurements. First,
RSC is applied for a varying amount of time. Fig. 3(a)
shows the resulting clear increase of population in J=3, 4
together with a decrease of population in J=5,6 to almost
zero. The signal for all four examined states J=3,4,5,6
shows a slight increase of molecule number for long
pumping times, although a simple rate model suggests
a loss of about 10% of the molecules to untrapped states
during RSC. The observed effect can be explained by dif-
ferent trap lifetimes for different states arising from an
increase of the mean Stark shift in the course of optical
pumping [28]. Fig. 3(a) also gives the timescale of RSC
which matches nicely with the rate model in the sup-
plementary information. The relatively long timescale is
due to the slow spontaneous decay rate from the excited
vibrational state of approximately 15 Hz, combined with
a probability of at most 1/3 for a molecule to be in the
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FIG. 3. Results for RSC. We plot the rotational-state-
discriminated unloading signal detected with the quadrupole
mass spectrometer. (a) A time-dependent measurement of
RSC. The single black cross was measured while leaving the
microwaves off (see main text). (b) Contribution of single M -
sublevels to RSC. Only a single MW frequency is applied and
scanned across all relevant transitions coupling J=5,6 (dashed
vertical lines show the calculated transition frequencies). To
increase the resolution of the individual transitions, a higher
electric field strength was used. This results in a larger sep-
aration of the M -substates and thus a larger splitting of the
transition frequencies. Vertical bars denote the 1σ statistical
error.
excited vibrational state and a branching ratio of 0.29 for
a decay from the vibrational excited state to the states
|0;4,3,M〉.
While Fig. 3(a) shows an increase of molecules in the
states J=3,4 closely tracking the decrease of molecules in
J=5,6, it does not prove conclusively that the increased
signal in J=3,4 originates from molecules initially in the
states J=5,6. We therefore explore the effect of the mi-
crowaves coupling the states J=5 and 6 on the RSC.
Simply leaving these microwaves off leads to significantly
less population in the states with J=3,4 for 4 s of cooling,
as shown by the cross in Fig. 3(a). Since the microwaves
only affect molecules in the states J=5 and 6, the increase
of population in J=3,4 over time clearly originates from
molecules in the states J=5,6. Note that the increase
of molecules in J=3,4 without microwaves compared to
no cooling is consistent with the number of molecules
expected to be transferred from J=5 to J=4 by the vi-
brational transition alone.
In a second measurement, we examine the effect of
the microwave radiation coupling J=5 and 6 on the pop-
ulation of molecules transferred to J=3,4 more closely
and identify the contribution of individual M -sublevels
in J=6. We therefore rotationally cool for 2 s with
only one microwave frequency applied and monitor the
signal in J=3,4 while scanning this frequency. The
measured spectrum is shown in Fig. 3(b). The Stark-
shifted transitions coupling the three highest M -sublevels
can be clearly identified proving a transfer of molecules
from |0;6,3,M=4,5,6〉 to |0;4,3,M ′>0〉. Lower lying M -
substates yield smaller or negligible peaks because these
are less populated initially and the chance of losing the
corresponding molecules to untrapped states during the
pumping process is higher.
A key advantage of our RSC scheme is that it can be in-
tegrated straightforwardly with motional Sisyphus cool-
ing and thus enables the simultaneous cooling of the in-
ternal and external degrees of freedom. Sisyphus cooling
is expected to provide temperatures below 1 mK for many
molecule species and was first demonstrated with the
same experimental apparatus in 2012 [6]. In that work
CH3F molecules populating the states J = 3, 4; |K| = 3
were motionally cooled from T≈0.4 K to ≈30 mK. As
the main difference to RSC, kinetic energy is extracted
by driving radio frequency transitions (3 GHz to 0.4 GHz)
from a highestM -substate to a lowerM in edge regions of
the trap with high electric field. Molecules are optically
pumped back to the initial, strongly trapped states by
driving the ∆J=0,∆M=+1 vibrational transitions from
J=3 in the homogeneous-electric-field region (with lower
electric fields). Due to the spontaneous decay to J=4 we
additionally couple the |0;3,3,M〉↔|0;4,3,M+1〉 (M>0)
rotational states with MW radiation to obtain a closed
level scheme. In this way, a large fraction of a molecule’s
kinetic energy can be extracted in each cooling cycle and
several repetitions are possible with minimal losses to
untrapped states.
We demonstrate the concurrent motional and rota-
tional cooling by adding the RSC to the Sisyphus cool-
ing sequence. The addition of RSC results in an equally
cold, but larger ensemble of molecules. By applying
RSC only during trap loading and the subsequent sec-
ond, almost all molecules entering the trap in the states
J=5,6 are pumped to J=4. As expected from the ini-
tial rotational-state distribution, this increases the signal
of cold molecules by 49(4) %. By continuing the opti-
cal pumping during the entire motional-cooling sequence
we increase the signal by 76(4) %. This closes two loss
channels of the Sisyphus scheme specific to CH3F which
transfer population to the J=5;|K|=3 state. These loss
channels are the presence of a Fermi resonance in the
vibrationally excited state [6] and an excitation of a dis-
tinct vibrational mode by blackbody radiation (estimated
excitation rate 0.08 Hz) [26].
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FIG. 4. Relative population of all trapped molecules in the
|0;4; 3; 4〉 state for the following experimental sequences: Ref-
erence: no state manipulation (ts=3 s); RSC: rotational cool-
ing as presented in Fig. 3 (ts=6 s); RSC + Sisyphus: mo-
tional cooling combined with RSC (ts=23 s); SSP: the pre-
vious sequence with subsequent optical pumping to |0;4,3,4〉
(ts=25 s); SSP + cleaning: in addition to SSP removal of all
states except for the |0;4,3,4〉 state from the trap (ts=27 s).
The internal-state purity increases to 70 %, while the mean
kinetic energy is reduced by more than an order of magni-
tude. The vertical solid lines represent the 1σ statistical er-
ror (which is smaller than the edge of the bar if not visible).
The values for uncooled ensembles overestimate the popula-
tion relative to the other sequences due to an imperfect state
detection [27].
The RSC demonstrated thus far leaves molecules in
a number of M -sublevels in the states J=3,4, or, com-
bined with Sisyphus cooling, in the two states |0;3,3,3〉
and |0;4,3,4〉 [6]. As a final experiment, we now show the
preparation of the cooled molecular sample in the single
rotational M -substate |0;4,3,4〉. This can be achieved by
appending another optical pumping scheme to the exper-
imental sequence for combined rotational and motional
cooling. Specifically, we drive the vibrational transi-
tions ∆M=0 from J=3 and ∆M=+1 from J=4 together
with the RSC described above (J=5,6→J=4). This
leads to |0;4,3,4〉 being the only dark state in the man-
ifold J=3,4,5,6, |K|=3. To characterize this single-state
preparation (SSP) process, we first evenly distribute the
population of the cooled molecular ensemble among the
states |0;3,3,3〉 and |0;4,3,4〉 by coupling the two with
MW. The molecules in |0;4,3,4〉 are then measured with
or without 2 s of SSP applied. We find that SSP increases
the absolute number of molecules populating the state
|0;4,3,4〉 by 70 (3) %, with this number also yielding the
optical-pumping efficiency. A slight modification of the
scheme also allows pumping from |0;4,3,4〉 to |0;3,3,3〉,
specifically by driving a ∆M=+1 transition from J=3
and a ∆M=0 transition from J=4. This yields a transfer
efficiency of 50(5) %, where the reduced value is a conse-
quence of less favorable branching ratios. The presented
experiments show that we can significantly increase the
population in a highest M -sublevel of choice. We esti-
mate [6] that finally about 106 cooled molecules populate
the target state.
All previous measurements examined optical pump-
ing in the context of increasing the absolute number of
molecules in a particular state or set of states. In the
final part of this Letter we study the state purity of the
molecular ensemble. The measured relative populations
of |0;4,3,4〉 (normalized to the total trap signal) resulting
from different preparation procedures are presented and
explained in Fig. 4. Mainly two processes enhance the
rotational-state purity of the trapped sample of molecules
in the course of the shown experiments: apart from opti-
cal pumping, which is specifically applied for this reason,
filtering occurs as a side effect of motional Sisyphus cool-
ing. During motional cooling, molecules initially popu-
lating states outside the closed cycling scheme consisting
of |0;3,3,M〉, |0;4,3,M〉 and |1;3,3,M〉 are coupled to un-
trapped states with a slow rate [6]. Consequently, trans-
lational cooling alone leads to a significant increase of pu-
rity, since afterwards almost all molecules populate the
states |0;3,3,3〉 and |0;4,3,4〉. However, deliberate opti-
cal pumping to the target state |0;4,3,4〉 (SSP) yields the
greatest effect on state purity as can be expected from the
previous discussions. The relative occupation is boosted
a bit further by removing all molecules still populating
states other than the dark state of the SSP scheme (so-
called cleaning).
In total, we augment the population of a single M -
sublevel from initially ∼6 % to at least 70 % while the
molecular ensemble is motionally cooled by more than an
order of magnitude. In fact, we even expect ∼90 % of the
molecules to populate this particular rotational state, as
our detection method underestimates the real occupation
by roughly 20 % [27]. The achieved purity is mainly lim-
ited by the above discussed blackbody radiation, which
removes molecules from the target state during applica-
tion of SSP and cleaning with a rate of 0.08 Hz. This
limitation is of technical nature and can be eliminated
by cooling down the electric trap or choosing a molecule
species not suffering from significant blackbody-radiation
losses.
By applying the extremely useful technique of opti-
cal pumping to trapped, neutral, polyatomic molecules
we demonstrate unprecedented control of this system.
Starting from many initial states and pumping into a
single final state we produce a pure ensemble of cooled
molecules making use of only a single laser and microwave
radiation. The final rotational state can in principle be
chosen freely. Our scheme is based on generic properties
common to many molecule species and should therefore
be applicable to a whole class of trappable molecules.
Thus, as a next step, we plan on internally cooling heavier
molecules which populate numerous internal states even
at cryogenic temperatures. This extends the number of
species accessible to motional Sisyphus cooling. Compre-
hensive internal-state control also gives new prospects for
high precision measurements or state resolved collision
studies. Finally, extending our scheme to pump into the
5absolute ground state [29] creates favorable conditions for
the investigation of sympathetic or evaporative cooling of
polyatomic molecules.
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6SUPPLEMENTAL MATERIAL
Rotational-state detection
In this section of the supplementary material, we
briefly summarize the main aspects of our rotational state
detection which is in detail described in reference [27].
We detect the population of a particular set of states by
transferring the population in these states to untrapped
states. These molecules are hence removed from the
trapped ensemble.
Figure S1(a) shows the IR and MW radiation used
to state selectively remove (or deplete) molecules in the
states J = 3, 4. We drive ∆M = −1 vibrational tran-
sitions from the state J = 3 and use the subsequent
spontaneous decay to transfer the population to lower
lying M -substates until they reach the untrapped state
M = 0. Due to spontaneous decay to the neighbor-
ing J = 4 states we in addition drive the |0;3, 3,M〉 ↔
|0;4, 3,M + 1〉 rotational transitions. We thus deplete all
molecules populating the set of states J = 3, 4.
To deplete the population in all four rotational states
J = 3, 4, 5, 6 we in addition drive the ∆M = −1 vibra-
tional transitions from the state J = 5 and couple the
|0;5, 3,M〉 ↔ |0;6, 3,M + 1〉 rotational transitions with
MW as shown in Fig. S1(b). Due to the spontaneous
decay to the rotational states J ± 1 it is not possible
to deplete only the rotational states J = 5, 6 with this
scheme. However, a state selected signal of molecules
populating the set of states J = 5, 6 is given by the dif-
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FIG. S1. Scheme for rotational state sensitive depletion.
(a) IR depletion (IRD) for molecules populating the rotational
states J = 3, 4. The inset shows the coupling of the individual
M -sublevels of the rotational states J = 3 and J = 4 with
MW. (b) IRD for molecules populating the rotational states
J = 3, 4, 5, 6.
ference of signals measured while depleting J = 3, 4, 5, 6
or J = 3, 4. The sets of states which can be detected
clearly depend strongly on which microwave sources are
available to couple neighboring J states.
To detect the population of the single M -sublevel
|0;4,3,4〉 we use the scheme shown in Fig. S1(a) without
coupling the |0;3,3,3〉 ↔ |0;4, 3, 4〉 states. Thus, the single
M -sublevel |0;4,3,4〉 is the only one within J = 3, 4 which
is not depleted. A comparison to the depletion signal of
all substates in J = 3, 4 gives the population in the single
M -sublevel |0;4,3,4〉. The detection of the population in
the single M -state |0;3,3,3〉 works similarly. In contrast
to the detection of |0;4,3,4〉, the vibrational transition is
here driven from the J = 4 rotational state. As this leads
to spontaneous decay to states with J = 5, the popula-
tion in states with J = 5, 6 is additionally removed by
coupling all M -substates with MW to untrapped states.
Rate Model of RSC
In Fig. 3(a) of our Letter we present the results of a
time-dependent measurement of RSC. In this section of
the supplementary material we discuss the results of a
simple rate model and its limitations towards a compar-
ison with the experimental data. RSC is experimentally
implemented according to the scheme in Fig. S2(a). The
changes in population caused by RSC can be calculated
with a rate model. The rate model we use here simulates
the driving of the MW and IR transitions needed for
RSC by rate coefficients between appropriate states and
the spontaneous decay from the vibrational excited state
with a decay rate of 15 Hz. The initial state distribution
consists of all trappable M -substates in J = 5, 6, |K| = 3.
The distribution over the M -sublevels represents the con-
ditions of our velocity filtered source [27]. More de-
tailed information about the rate model are given in ref-
erence [27].
The result is shown in Fig. S2(c). The time scale of
the process matches the experimental results. In both
cases, the population of the states with J = 5, 6 decreases
by a factor of two within about 0.4 s. In addition, the
rate model suggests about ten percent loss to untrapped
states. However, we measure an increase of molecules in
the total set of states J = 3, 4, 5, 6. The reasons for this
discrepancy are described in the following.
To understand the outcome of our measurement we
first have to consider of the whole experimental sequence
shown Fig. S2(b). In particular, the total time for storage
is identical for all data points to minimize the influence of
trap losses. As population transfer caused by blackbody
radiation is present during that time, RSC is applied at
the end of the storage time. We thus minimize repopu-
lation of the states J = 5, 6 before detection.
The order of the experimental sequence is the main rea-
son for the measured increase of molecules in the total
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FIG. S2. Rotational-state cooling (RSC). (a) Scheme for
RSC. (b) Experimental sequence. (c) Results of a rate model
for comparison with the measurement shown in the main Let-
ter. Note that the state J = 3 is not included in the simulation
as it is not part of the optical pumping scheme. However, our
current detection scheme does not allow to measure the popu-
lation of J = 4 alone. Therefore, the measurement presented
in the Letter tracks the population of J = 3, 4 together.
set of states J = 3, 4, 5, 6: RSC on average increases the
Stark shift of the molecule (δStark ∝ MKJ(J+1) ). For exam-
ple, a spontaneous decay from the excited |1;5,3,5〉 state
to J = 4 has to end up in the |0;4,3,4〉 state, where the
Stark shift is a factor of 1.2 higher. The excited |1;5,3,3〉
state can decay to the |0;4,3,M=2, 3, 4〉 states. The low-
est possible M -sublevel |0;4,3,2〉 has the same Stark shift
as |1;5,3,3〉. Therefore the molecules, again, end up in
rotational states with on average higher Stark shifts. As
the lifetime in our trap increases with the Stark shift
of the molecule [25], we expect to measure an increase
in signal. This effect is particularly visible by compar-
ing the results measured at 2 s and 4 s. Already after
about 2 s almost all molecules from the states J = 5, 6
were pumped to J = 3, 4 (or lost to untrapped states),
but the total signal still slightly increases for longer RSC
times. The molecules have been pumped to higher Stark
shifts earlier in the experimental sequence and hence the
trap losses are slightly reduced.
Another experimental subtlety is different detection ef-
ficiencies in different internal states which also might hide
losses. As discussed in reference [27], the detection effi-
ciency of non manipulated molecules depends on the ratio
of temperature and Stark shift. However, RSC slightly
changes the stark shift possibly resulting in a slightly
different detection efficiency. Both effects, the change in
the molecule’s lifetime and the possible different detec-
tion efficiency are hard to be included in the rate model
but the outcome of our experiment can qualitatively be
understood by the above considerations.
The loss of about 10 % of the molecules could be a lim-
itation for extending the scheme to incorporate higher
rotational states. However, instead of driving a ∆M = 0
IR transition one could first use a ∆M = +1 transi-
tion which accumulates the population in the highest
M -substates and then use the ∆M = 0 IR transition to
address these states. For large sets of states even switch-
ing several times between a ∆M = 0 and ∆M = +1
vibrational transition should be useful. In this way, the
loss to untrapped states is strongly suppressed.
Level schemes for optical pumping
To simplify the understanding of the optical pumping
schemes which are detailed in the Letter, we here ap-
pend figures of the corresponding level schemes. First,
Fig. S3 shows the needed radiation for RSC (right hand
side only) as well as the combination of Sisyphus cool-
ing and RSC (whole figure). Second, Fig. S4 gives the
schemes for the preparation of the population in the sin-
gle M -substates |0;4,3,4〉 and |0;3,3,3〉.
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FIG. S3. Scheme for the combination of rotational and Sisy-
phus cooling. The right panel shows the IR and MW radiation
needed for RSC as in Fig. S2(a). MW, IR and RF radiation
employed for Sisyphus cooling are shown in the left panel.
The RF transitions between the M -sublevels are driven in the
high-field region of the trap as indicated in the blue ellipse for
the two highest sublevels of J = 3 [6].
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FIG. S4. Schemes for the single M -substate preparation in
the states |0;4,3,4〉 (a) and |0;3,3,3〉(b)
